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Introduction
Nitrogen (N) is the most deficient element for plants in their intact natural state, although within the last century anthropogenic activities have doubled the amount of this element circulating on Earth (Pinay et al., 2018) . In both instances, directly or indirectly, intensive agriculture, settlements, transport and industry are causing N pollution (Yoshikawa et al., 2015) . Data of European Monitoring and Evaluation Programme (EMEP, 2017) provided information about increased emissions (21%) of ammonia (NH 3 ) within 2000-2015.
For the present century, further growth of atmospheric N deposition is forecasted (Bobbink et al., 2010; Vet et al., 2014) . In 2015, critical loads (based on N and sulphur (S) data) for eutrophication were exceeded (200 eq ha -1 yr -1 mean increase) in many countries of Europe (CPST, 2015) . Reports of freshwater eutrophication are increasing (O'Hare et al., 2018) . Freshwaters are permanently deteriorated by excess of N, which creates gradient of nutrients across the terrestrialaquatic ecosystems (Moldan, Wright, 2011; Pinay et al., 2018; Erős et al., 2019) .
Compared to the data on eutrophication of the lakes, there has been significantly less work carried out on rivers (Mäemets et al., 2010; Hering et al., 2015) . Riparian zones act as buffers for N, which incompletely consumed quantities are moving from agricultural fields to aquatic ecosystems (Yoshikawa et al., 2015; Hille et al., 2018; Pinay et al., 2018) . In most cases, the physical and chemical characteristics of the water are recorded when evaluating the state of inland water bodies (Fuller et al., 2015; Yoshikawa et al., 2015) . Data on aquatic N pollution (EMEP, 2017) provide only indirect evidence about possible effects on the health of aquatic organisms (Hettelingh et al., 2009 ). When eutrophication of rivers is discussed, more attention is paid to algal blooms compared to aquatic angiosperms (Yoshikawa et al., 2015; Erős et al., 2019) . Monitoring networks usually assess macrophytes, preparing lists of the common plant species combined with the coverage data (Hille et al., 2018) . Plant communities are formed during the longterm process; information about present availability of nutrients in different parts of the river basin could be obtained by measuring the N concentration of the leaves as a key important organ (Thompson et al., 1997; Han et al., 2005) .
Nitrogen concentrations have been well examined for conifers and agricultural crops (Heinsoo et al., 2011; Butkutė et al., 2014; Pocienė, Kadžiulienė, 2016; Tan et al., 2018) , defining N concentration ranges for deficiencies and toxicities (Bobbink et al., 2010) . Under elevated N supply special morphological, physiological and biochemical strategies of the plants have been recorded: increases in shoot density, shoot length, leaf density, thickness of the leaves, concentration of free arginine, nitrate reductase activity and many other traits (Kupcinskiene, 2001; Chmura et al., 2016) .
Worldwide information about plant N concentration is related to diverse parameters: mass of the aboveground part of the plants per plot, mass of aboveground part of the shoot, mass of the leaves and/ or ratios of concentrations of nitrogen and phosphorous (N:P) ( (Tan et al., 2018) . In some investigations only mean values of N concentration for very big set of the species are presented (Han et al., 2005) , while in other surveys species N requirements are evaluated when employing the ready to-use Ellenberg indicatory values (EIV) (Ellenberg et al., 1992) .
Despite worldwide large amounts of N data, in each situation there are different sets of plant species, growing under particular climatic or edaphic conditions with differential human pressure. Due to genetic and phenetic differences, distinct sampling approaches, methods and parameters of N determination, data obtained about quantities of N for certain species are heavily transformable from one region to another.
Excess of critical loads for eutrophication were documented in various parts of Lithuania (EMEP, 2017) and were higher when compared to the other Baltic States. For Lithuania, few records (Tumas, 1998) exist concerning past farming effects on the quality of the river waters.
In recent years, substantial data was collected on the frequency of distribution and abundance of aquatic plants, including riparian macrophytes, in Lithuania (Zviedre et al., 2015) . In addition, pilot data has been collected on the adverse consequences on genetic diversity of populations of aquatic macrophytes under anthropogenic pressure (Anderson et al., 2018) . Data concerning plant saturation by N is missing for riparian species in the Baltic States. Very little is known to what extent N concentration may vary between plant populations receiving unequal environment pressure.
The present study is aimed at comparison of N concentration among populations of riparian and aquatic plant species of Lithuania, relating N data to the type of the land cover in the neighbouring areas, river state and size, intensity of past agriculture activities and riverbed regulation.
Materials and methods
Sampling material and study sites. Phragmites australis (Cav.) Trin. ex Steud., Phalaris arundinacea L., Lythrum salicaria L., Echinocystis lobata (Michx.) Torr. & A. Gray and Bidens frondosa L. were selected as riparian species; Nuphar lutea (L.) Sm. and Stuckenia pectinata (L.) Börner were sampled as aquatic plant species (further all species, both riparian and water are titled under aquatic). Such list of the plants was based on frequent occurrence and abundance (P. arundinacea, P. australis, N. lutea, S. pectinata) or related to invasions (E. lobata and B. frondosa were categorized as invasive in Lithuania; L. salicaria, P. arundinacea, P. australis classified as native in Lithuania, but invasive in some habitats of North America). P. australis was sampled in 43 sites, P. arundinacea in 61 sites, L. salicaria in 39 sites, E. lobata in 18 sites, B. frondosa in 12 sites, N. lutea in 59 sites and S. pectinata in 9 sites. In total, plant material of seven species growing in 241 sites was analysed ( Fig. 1) .
To assess the anthropogenic effects of leaf N on aquatic species, plants were collected in the main river basins of Lithuania: Nemunas, Venta, Lielupė, and the seafront. Selection of the sites was based on availability of plant species. Sampling of plants was performed in 
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Nitrogen concentration of the aquatic plant species in relation to land cover type and other variables of the environment the 1 st ten-day period of August, 2015 at the time plants were in flowering-ripening stage. For each species, three independent batches of the plant material were collected along 300 m length transects of separate site. Nitrogen (N) analysis. Healthy (lacking in insect, fungi and/or bacteria damage), fully developed greenish leaves from the main shoot upper half were sampled for the analyses. Leaf blades (henceforth: leaves) were detached, dried at 70°C, ground to a fine powder using a mill Retsch MM400 (Germany) and sifted through a 1 mm screen. Over 750 samples were analysed by the Kjeldahl method (Allen, 1989 ) using Kjeldahl digestion unit DK-20S and automatic analyser UDK 159 (VELP Scientifica, Italy), following protocols of the manufacturer. Analyses were performed at the Department of Ecology and Environmental Sciences, Vytautas Magnus University. Nitrogen concentration was determined and expressed as % dry mass (DM) of the leaf tissue. Quality assurance was achieved using standard reference materials (SRM1515 and SRM1575) and certified reference material (CRM125045). 
Results and discussions
Leaf N concentrations of populations of the riparian and aquatic plant species. Mean of leaf N concentration for separate populations of Phragmites australis ranged from 3.33% to 4.41% of dry mass (DM) (Fig. 2) ; the most contrasting ones differed by 1.32 times (p < 0.05), being the lowest for the Phr26 population (Skroblus river) and the highest for Phr3 (Visinčia river). Mean leaf N concentration for all populations of P. australis was 3.99% DM. Mean of leaf N concentration for separate populations of Phalaris arundinacea ranged from 3.03% to 3.69% DM and was the most consistent among populations of all species examined. The most contrasting values differed by 1.22 times (p < 0.05); the lowest N concentration was in the Pha18 population (Merkys river), while the highest was Pha41 (Neris river; Fig. 2 ). Mean leaf N concentration for all populations of P. arundinacea was 3.50% DM. Lythrum salicaria populations had mean leaf N concentrations ranging from 2.35% to 3.94% DM; the most contrasting ones differed by 1.68 times (p < 0.05). The lowest mean N concentration was in the Lyt1 population (Nemunas river), whereas the highest occurred in Lyt39 (Vokė river), while the mean leaf N concentration for all populations of L. salicaria was 2.98% DM. Separate populations of Echinocystis lobata ranged from 3.72% to 4.91% DM of leaf N; the most contrasting ones differed by 1.32 times (p < 0.05). The lowest concentration was in the Ech12 population (Nemunas river) to the highest in Ech17 (Atmata river); the grand mean = 4.18% DM for all E. lobata populations. Bidens frondosa populations ranged from 2.94% DM (Bif1; Nemunas river) to 4.79% DM (Bif12; Nevėžis river), with the most contrasting ones differing by 1.63 times (p < 0.05) and a grand mean of 3.77% DM. The leaf N concentration for Stuckenia pectinata populations ranged from 2.63% (Stu9) to 3.69% (Stu2) DM, both of which were located on the Nevėžis river (Figs 1 and 2) . The most contrasting S. pectinata populations differed by 1.40 times (p < 0.05) with a grand mean of 3.14% DM for all populations. For Nuphar lutea, leaf N ranged from 3.34% DM (Nup41; Šešupė river) to 4.97% DM (Nup47; Pakalnė river), differing by 1.49 times (p < 0.05) with a grand mean of 4.06% DM (Fig. 2) .
Land cover. Prevailing neighbouring land type according to use might be assumed as indirect evidence about the most favourable environment for one of the other aquatic species. Agricultural areas were the prevailing type of neighbouring land for 6/7 examined species, comprising 79% cases for P. australis, 72% for P. arundinacea, 53% in L. salicaria, 72% for E. lobata, 56% in S. pectinata and 66% for N. lutea. The only exception was a prevalence of artificial areas (67%) for B. frondosa. In all species, the range of N distribution among populations of different neighbouring land types overlapped (Fig. 3A) . S. pectinata was not observed besides artificial areas, and B. frondosa was absent near forested areas.
Within 2000-2006, agricultural net N load varied from 74.6% to 89.5% of the total N net load depending on the percentage of arable land and the load from point sources in five subcatchments of the river Nemunas (Šileika et al., 2013) . The study (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) of the Merkys, Mūša, Nevėžis and Žeimena river basins, Lithuania has shown much higher N export coefficients from arable land compare to the export from forested land and pastures and meadows (Povilaitis, 2011) . In our study, no significant differences in leaf N concentrations were found among groups of populations neighbouring artificial, agricultural and forested areas.
Within 2000-2006, the main input of the N from point sources entered Kaunas city (Šileika et al., 2013) . Our study supports this fact: higher than median values of N concentration were documented for B. frondosa (site Bif6), E. lobata (site Ech6) and L. salicaria (Lyt7) growing in the centre of Kaunas (Fig. 2) . Studies conducted in other countries have shown that pollution of the rivers and ground waters by N was mainly caused The absence of land cover-related differences in our study might be due to recent shifts of Lithuanian agriculture from intensive farming to ecological, improvement of wastewater cleaning systems in settlements and cities. An additional factor is that river neighbouring areas of different land cover are very fragmented in Lithuania; thereby their effects on plants might overlap.
River status. A moderate (MO) state for river fragments prevailed in populations of L. salicaria (40% of all populations), E. lobata (82%) and B. frondosa (82%), whereas a good (G) state occured for populations of P. arundinacea (47%), P. australis (41%), S. pectinata (56%) and N. lutea (34%). P. arundinacea, L. salicaria and N. lutea grew in the river fragments of "whatever state" (M, G, MO, P and B) ( Fig. 3B) . P. australis and E. lobata did not grow in the fragments categorized as "bad state". S. pectinata and B. frondosa were not observed in the river fragments of the poor (P) and bad (B) states. According to the occurrence of populations in the river fragments of different state, as defined by Water Framework Directive (EU, 2000), the most resistant to pollution were P. arundinacea, L. salicaria and N. lutea, while the most sensitive included S. pectinata and B. frondosa. Wherever, L. salicaria, P. arundinacea and N. lutea were growing, including waters of poor (P) or bad (B) states, did not necessarily match higher leaf N concentrations. Among the examined species the lowest leaf N was for L. salicaria, whereas P. arundinacea was intermediate and the highest occurred with N. lutea. Bad state of the fragment of the river might also impair other factors than high concentrations of N.
River pollution by former agriculture. In the Baltic States, including Lithuania, the environmental consequences of intensive agriculture development within 208 Nitrogen concentration of the aquatic plant species in relation to land cover type and other variables of the environment period 1950-1990, remains poorly studied; evaluation of adverse farming effects on water pollution started later. In 1992-1996, a pilot study was performed subdividing Lithuanian territory into North-West, Central and South-East parts, according to the N and other element concentrations in the river fragments (2.6-3.9, 2.9-4.8, and 0.6-2.1 mg N L -1 , respectively) neighbouring agricultural areas (Tumas, 1998) . For P. australis (72% of all populations), P. arundinacea (57%), and S. pectinata (67%) the biggest number of Lithuanian populations were collected in the South-East part representing the least polluted rivers (0.6-2.1 mg N L -1 in 1992-1996; Tumas, 1998) . E. lobata (39%), B. frondosa (58%), and N. lutea (49%) in the Central part represented the most polluted rivers (2.9-4.8 mg N L -1 ) and L. salicaria (44%) in the North-West part (2.6-3.9 mg N L -1 ). No differences were found according to the leaf N concentrations, classifying aquatic macrophyte populations into North-West (NW), Central (C) and South-East groups (SE) (Fig. 3C ), based on water pollution within 1992-1996 in the river fragments' neighbouring agricultural areas. Thus, former differences in river quality did not have longer-term consequences on plant nutrition. Complex nature of various factors affecting N losses from agriculture-dominated stream catchments in Lithuania was documented: 15-year data did not show any statistically significant trend either in the dynamics of the annual N concentration or in the annual N load in the streams (Stålnacke et al., 2014) . River size. The largest number of populations of P. australis, P. arundinacea, L. salicaria and N. lutea (53, 49, 33 and 56 % of all populations, respectively) were located in medium sized rivers, while for B. frondosa and S. pectinata (50% and 56%, respectively) found in large rivers, E. lobata (56%) -in extra-large rivers (Fig. 3D ). Significantly higher (p < 0.05) concentrations of leaf N were found for L. salicaria populations growing near the small rivers (3.4% N DM) compared to the large ones (2.8% N DM). No other differences were found according to the leaf N concentration classifying aquatic macrophyte populations into groups based on river size. Small size rivers were missing among P. arundinacea, S. pectinata and invasive in Lithuania E. lobata and B. frondosa.
Our data showed that for plant invasions the most vulnerable are big rivers. It is obvious for E. lobata intensively spreading over the past decades. Large rivers of Lithuania are crossing the most populated cities, which are good donors for the seeds of alien species, initially grown as ornamentals. Large rivers may bring seeds from the countries located to the south, where temperature is more favourable for termophyllic E. lobata, whose requirement for temperature was scored as 8 out of 9 (1 = least termophillic, 9 = most termophillic species) (Ellenberg et al., 1992) . As invader it was recorded in Central Europe, compared to Lithuania (Kopec et al., 2014) . Large rivers are crossing wide agricultural areas and municipal wastewaters, bearing N pollutants, thereby creating the most favourable conditions for multiple introductions of invaders (Yu et al., 2018) .
River regulations. There is big concern about harm caused by river regulations, since they are frequently accompanied by habitat fragmentation, eutrophication and diminished diversity of aquatic species (Banks et al., 2013; Brezinová, Vymazal, 2015). In some cases, river regulations resulted in an increase of terophytes, including invasive species, such as E. lobata and Bidens triparta (Kopec et al., 2014) . In Lithuania, 83% of the river fragments are regulated (Gailiušis et al., 2001) .
Our results show that the highest numbers of populations for all species, were located in the natural river parts: 65% of all P. australis populations, 79% of P. arundinacea, 77% of L. salicaria and 71% of N. lutea (Fig. 3E) . For some species, the natural river parts were the only locations, e.g., E. lobata, B. frondosa and S. pectinata. No differences were found according to the leaf N concentration, classifying macrophyte populations into groups of natural and regulated bed rivers. In parallel, our ongoing studies have demonstrated significant changes in genetic diversity due to river regulations (Anderson et al., 2018; Vyšniauskienė et al., 2018) .
Based on previous investigations of numerous species, the leaf N concentration ranged between 1-2 and 5 μg mg -1 DM ( Thompson et al., 1997; Han et al., 2005) . Our results are in agreement with these data. Compared to the leaf N data of the other Poaceae species (Thompson et al., 1997) , concentrations of N determined for our studied aquatic species were not as high as for Poa annua, although much higher compared to Arrhenaterum elatius, Elytrigia repens and Holcus mollis.
Comparison of several aquatic species showed that the lowest mean of N concentrations is found for L. salicaria and the highest -for E. lobata populations. According to the mean values of leaf N concentration in all populations, species could be arranged into the following order: L. salicaria < S. pectinata < P. arundinacea < B. frondosa < P. australis < N. lutea < E. lobata. Relying on species indicator values for soil richness, defined by Ellenberg et al. (1992) (1 -least nitrophilic species, 9 -most nitrophilic species), six species in our survey could be classified as demonstrating higher mean requirements for the soil N: N. lutea (score = 6); P. arundinacea and P. australis (score = 7); E. lobata, B. frondosa and S. pectinata (score = 8). In the Ellenberg et al. (1992) survey, L. salicaria was defined as species with the widest range demand for N. Our data agree to it: L. salicaria population differences in leaf N concentration were the highest in comparison to the other species studied. B. frondosa was the second species with big differences in leaf N concentration among populations. It agrees with the findings concerning high plasticity of B. frondosa to N in the environment (Wei et al., 2016) . Small numbers of Lithuanian populations of S. pectinata could be a reason for inconsistencies between our data and studies in Germany. S. pectinata and E. lobata were found only in less than 25 3. Differences in leaf N concentrations among the populations were the smallest for S. pectinata and the largest for L. salicaria.
4. Significantly higher (p < 0.05) concentrations of leaf N were found for L. salicaria populations growing near the small rivers (3.4% N DM) compared to the large ones (2.8% N DM).
5. Leaf N concentration of the selected species was not influenced by riverbed regulations, water state and water former pollution (1991-1996) by agriculture either.
6. Among water macrophytes studied, the highest N concentration was documented for the invasive Lithuania species E. lobata.
7. Based on present study leaf N data, the success of aliens B. frondosa and E. lobata in Lithuania may at least partially depend on elevated N concentrations in the environment of aquatic macrophytes.
8. It can be concluded that the present level of N amounts entering riparian ecosystems is big enough to cause the spread of nitrophilic species.
